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The adaptor protein ankyrin-R interacts via its membrane
binding domain with the cytoplasmic domain of the anion
exchangeprotein (AE1) and via its spectrin bindingdomainwith
the spectrin-based membrane skeleton in human erythrocytes.
This set of interactions provides a bridge between the lipid
bilayer and the membrane skeleton, thereby stabilizing the
membrane. Crystal structures for the dimeric cytoplasmic
domain of AE1 (cdb3) and for a 12-ankyrin repeat segment
(repeats 13–24) from the membrane binding domain of
ankyrin-R (AnkD34) have been reported. However, structural
data on how these proteins assemble to form a stable complex
have not been reported. In the current studies, site-directed spin
labeling, in combination with electron paramagnetic resonance
(EPR) anddouble electron-electron resonance, has beenutilized
tomap the binding interfaces of the two proteins in the complex
and to obtain inter-protein distance constraints. These data
have beenutilized to construct a family of structuralmodels that
are consistent with the full range of experimental data. These
models indicate that an extensive area on the peripheral domain
of cdb3 binds to ankyrin repeats 18–20 on the top loop surface
of AnkD34 primarily through hydrophobic interactions. This is
a previously uncharacterized surface for binding of cdb3 to
AnkD34. Because a second dimer of cdb3 is known to bind to
ankyrin repeats 7–12 of the membrane binding domain of
ankyrin-R, the current models have significant implications
regarding the structural nature of a tetrameric form of AE1 that
is hypothesized to be involved in binding to full-length
ankyrin-R in the erythrocyte membrane.

Human erythrocytes exhibit an unusual biconcave disc shape
and remarkable plasma membrane mechanical stability and
deformability, all of which are necessary for their survival in the
circulatory system. It is now well established that the unusual
cell shape and membrane mechanical properties are due in
large part to the presence of an extensive membrane skeleton,

composed primarily of the proteins spectrin and actin, that
lines the innermembrane surface and to specific bridging inter-
actions between this membrane skeleton and intrinsic mem-
brane proteins in the lipid bilayer. The spectrin-actin skeleton
associates with the membrane bilayer via two types of contacts,
one involving short actin protofilaments and protein 4.1, which
interact with the cytoplasmic domain of glycophorin C, and the
second involving the bridging protein ankyrin-R and protein
4.2, which interact with the cytoplasmic domain of the anion
exchange protein (AE1)3 also known as band 3. Alterations in
this second class of interactions often result in spherical eryth-
rocytes with decreased cell size and increased fragility, a condi-
tion known clinically as hereditary spherocytosis. Hereditary
spherocytosis is a spectrum of inherited diseases, occurring in
one family out of 2,000–3,000, which present clinically as vary-
ing degrees of hemolytic anemia resulting from hemolysis of
the spherical erythrocytes as they flow through themicrocircu-
lation. Recent data have indicated that 15–20% of hereditary
spherocytosis cases are attributable to AE1 mutations and that
�50% of hereditary spherocytosis cases result from ankyrin-R
mutations (1).
The ankyrin family of adaptor proteins, which includes the

three isoforms ankyrin-R, ankyrin-G, and ankyrin-B in verte-
brates, serves critical functions in cells by linking the lipid
bilayer to the spectrin-actin-based membrane skeleton as well
as assembling proteins in specialized membrane domains
(reviewed in Refs. 2–4). Like the other two isoforms, ankyrin-R
contains an N-terminal membrane binding domain, a central
spectrin binding domain, and a C-terminal regulatory domain.
The membrane binding domain is composed of 24 ankyrin
repeatmodules, each of which contains two anti-parallel�-hel-
ices and a long loop. The individual repeats are connected by a
�-hairpin, giving rise to stacking of the ankyrin repeats in a
superhelical spiral (5). Proteolysis studies have shown that the
24 repeats in ankyrin-R, the isoform in human erythrocytes, can
be subdivided into four groups of six repeats each (D1, D2, D3,
and D4). This same study demonstrated that the full-length
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dimers with positive cooperativity. One binding site was
located in domain 2 (AnkD2; repeats 7–12), and the second
binding site was located in domains 3 and 4 (AnkD34; repeats
13–24) (6).
Previous studies have indicated that a “tetramer” of AE1,

rather than the fundamental dimer, is involved in binding
ankyrin-R (e.g. Refs. 7 and 8). Interestingly, a stable subpopula-
tion of AE1 tetramers can be extracted by non-ionic detergents
from erythrocyte ghost membrane preparations (e.g. Refs.
9–11). What is not known is whether interaction of two cdb3
dimer domains of AE1 with the two cooperative binding sites
on ankyrin-R (6) drives the formation of a true tetramer of cdb3
or whether the structure is more accurately described as a
dimer of dimerswith nomajor structural rearrangements of the
individual dimer units.
Now that crystal structures are available for isolated cdb3

(12) and for isolated ankyrin-R repeats 13–24 (AnkD34 (5)), it is
possible to determine the structure of the complex formed
between one cdb3 dimer and AnkD34 using modern protein-
docking algorithms in conjunction with structural constraints
obtained from site-directed spin labeling studies (e.g. Refs.
13–15). In the present studies, site-directed spin labeling and
EPR have been employed tomap the binding interfaces on cdb3
and on AnkD34 under conditions where the proteins form a
stable complex. Distancemeasurements using double electron-
electron resonance (DEER) between pairs of spin labels in cdb3
and AnkD34 have shown that the global structure of neither
protein is significantly altered upon complex formation. All of
these data have been utilized to build a family of structural
models using the ROSETTA suite of docking algorithms
(reviewed in Ref. 16) that are compatible with the experimental
data. The models indicate that a large section of the peripheral
domain of cdb3 interactswith ankyrin repeats 18–20 on the top
loop region of AnkD34 primarily through hydrophobic interac-
tions. The binding surface on AnkD34 is remote from the
ankyrin groove, which has been hypothesized to be involved in
binding to a number of membrane proteins. In preliminary
docking studies, the ankyrin groove of AnkD34 was hypothe-
sized to be involved in binding to cdb3 (5). The models pre-
sented in this work indicate that the ankyrin groove is not the
binding interface, and they also place restrictions on whether a
second cdb3 dimer could bind to theD2domain of ankyrin-R to
form a true tetramer of cdb3.

EXPERIMENTAL PROCEDURES

Protein Preparation and Spin Labeling—The preparation
and spin labeling of wild-type and single or double Cysmutants
of cdb3 have been described in previous work (17). The cDNA
encoding ankyrin repeats 13–24 plus 12 residues from the spec-
trin binding domain (AnkD34; residues 403–827) of ankyrin-R
were provided by Dr. Peter Michaely (University of Texas,
Southwestern). The DNA construct for wild type-AnkD34 was
inserted into the pGEX-2T expression vector (GE Healthcare)
wherein the two endogenous cysteines at positions 476 and 531
were converted to Ser and Ala, respectively. Cys-less and single
or doubleCysmutantswere constructed using theQuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA). The
GST fusion protein was overexpressed in BL21 Gold (DE3)-

competent cells by incubating the culture at 17 °C for 3.5–4 h in
the presence of 1 mM isopropyl-�-thiogalactoside and purified
using a GST affinity chromatography system (GE Healthcare)
following themanufacturer’s instructions. Before being cleaved
from the resin, single or double Cys mutants of AnkD34 were
reacted with a 10-fold molar excess of 1-oxyl-2,2,5,5,-tetra-
methyl-�3-pyrroline-3-methyl methanethiosulfonate (MTSSL)
spin label (TorontoResearchChemicals, NorthYork,ON,Can-
ada; Fig. 1) in the binding buffer plus 0.1% (v/v) octaethylene
glycol monododecyl ether (C12E8) at room temperature for 2 h
and then at 4 °C overnight. Unreacted spin label was removed
by flowing excess washing buffer (50 mM sodium phosphate
buffer containing 500 mM NaCl, 2 mM EDTA, pH 7.0) through
the column until no spin label was detected in the flow-through
by EPR. Spin-labeled AnkD34s were released from the immo-
bilized GST tag by thrombin cleavage in binding buffer, which
contained 50 mM sodium phosphate, 500 mM NaCl, 2 mM

EDTA, and 10% (w/v) glycerol, pH 7.0. Upon completion of the
cleavage reaction, benzamidine-Sepharose (GE Healthcare)
was added to remove the residual thrombin from the protein
solution. Protein purity was assessed by SDS-PAGE as
described in previous work (18). All samples used in the studies
were �95% pure as judged by Coomassie Blue staining inten-
sity. Protein concentrations were determined either by using
the Bradford assay with bovine serum albumin as a standard or
bymeasuring absorbance at 280 nmwith the calculated extinc-
tion coefficients for each protein construct (cdb3, 33,920
M�1cm�1; AnkD34, 15,930 M�1cm�1).
GST Pulldown Binding Assay—To assess the effect of muta-

tion and concomitant spin labeling on the binding affinity of
singly labeled cdb3 mutants, a known amount (0.5–1 nmol) of
wt-ankD34-GST fusion protein was immobilized on the GST
resin. To each aliquot of 50% (v/v) suspension, a 4-fold molar
excess amount of a singly labeled cdb3mutant was added. After
overnight incubation at 4 °C, the column was washed with
washing buffer three times to remove the unbound cdb3. The
resultant resin was directly loaded onto a SDS-PAGE gel, and
the band intensities of each protein were analyzed using a UN-
SCAN-IT gel digitizing system (Silk Scientific, Orem, UT). The
amount of bound cdb3 was assessed from the band intensity
ratio between bound cdb3 and normalized wt-AnkD34 fusion
protein. The relative binding affinity of each spin-labeled cdb3
mutant was estimated by comparing the bound fraction of a
mutant with that of wt-cdb3. Likewise, the binding affinities of
singly labeled AnkD34 mutants were evaluated in the same
manner as described above using a series of singly labeled
AnkD34-GST fusion proteins that were immobilized on the

FIGURE 1. The spin-labeled side chain resulting from reaction of MTSSL
with cysteine.
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resin and wt-cdb3. The data from these experiments are pro-
vided in supplemental Figs. S2 and S3.
Complex Formation—Complexes between spin-labeled

AnkD34s and cdb3s were prepared by incubating wild-type or
specific spin-labeled proteins in the same binding buffer
defined above at 4 °C overnight. Both proteins were concen-
trated to the desired range using a centrifugal membrane filter
device (30-kDamolecularmass cutoff;Millipore, Billerica,MA)
before complex formation.
Chemical Cross-linking of cdb3-AnkD34 Complexes—Cross-

linking of the complex between a pair of Cys residues from each
protein was accomplished using a homo-bifunctional male-
imide cross-linker, bismaleimidoethane (BMOE, Pierce Bio-
technology), following the manufacturer’s instructions. Briefly,
each pair of single Cysmutants of cdb3 andAnkD34wasmixed
at an equimolar ratio (10 �M final concentration of each pro-
tein) and allowed to form a complex in binding buffer contain-
ing 5 mM EDTA as mentioned above. To 100 �l of protein mix,
freshly prepared BMOE stock solution (20 mM inN,N-dimethyl-
formamide) was added to give 30 �M final concentration. After
a 1-h incubation at room temperature, the reaction was
quenched with Laemmli sample buffer supplemented with 5
mMSDS and 10mMDTT, and the formation of the cross-linked
complex in the reaction mixture was visualized by SDS-PAGE
as described in previous work (18).
EPR Measurements—EPR spectra were collected at X-band

(9.8 GHz) on a Bruker EMX spectrometer fitted with a TM110
cavity (BrukerBiospin, Billerica, MA) using 5 milliwatts of
microwave power and 1 Gauss of field modulation at 100 kHz.
Samples were prepared in the binding buffer in the 80–120 �M

concentration range, and spectra were collected at room tem-
perature in 50-�l glass capillaries (KimbleGlass, Inc., Vineland,
NJ). For themeasurement of spin label side chain accessibilities,
a singly labeled protein mixed with a 4 M excess amount of its
non-labeled binding partner was used to ensure saturation of
binding sites. NiEDDA accessibility of individual sites on each
proteinwasmeasured using a gas-permeableTPX (a tradename
for polymethylpentene) capillary and an ER4123D resonator
(BrukerBiospin) as described previously (17). Accessibilities are
expressed numerically as dimensionless � values, which were
calculated from the following equation

�(NiEDDA) �
P1/ 2(NiEDDA) � P1/ 2�N2�

�H0
(Eq. 1)

where P1⁄2 is the half-saturation power in the presence of
NiEDDA or N2 and �H0 is the field width of the central peak.
Short inter-probe distances (�20Å)weremeasured on samples
in binding buffer plus 50% glycerol at 2 °C. The resulting EPR
spectra were analyzed using the convolution method, which
assumes Gaussian distance distributions as described in previ-
ous work (e.g. Refs. 19 and 20).
Four-pulse DEER Measurements and Data Analysis—The

four-pulse DEER experiment was performed at X-band (9.5
GHz) on a Bruker EleXsys 580 spectrometer equipped with a
Bruker split ring resonator (ER 4118X-MD5). A standard four-
pulse sequence was employed with a 32-ns � pulse and a 16-ns
�/2-pulse sequence. All measurements were recorded at 80 K.

Samples were prepared in binding buffer containing 30% (w/w)
glycerol in the 150–250 �M concentration range and loaded
into 2.4-mm inner diameter quartz capillaries (Wilmad Lab-
Glass, Buena, NJ). Although the inter-protein distances were
measured from a complex composed of two labeled proteins in
an equimolar ratio, for the intra-protein distances, labeled pro-
teins were allowed to form a complex with a 1.5–2 M excess
amount of its diamagnetic binding partner prior to the mea-
surement. All DEER data were analyzed using software devel-
oped in-house, which simultaneously fits the background signal
as a function of an effective spin concentration and radius of the
molecule or complex while determining the specific interac-
tions of interest using a distance distribution defined as a sumof
Gaussians.4 This approach, which takes into account the
excluded volume of the molecule or complex, typically gave
better fits to the data than those obtained using a priori back-
ground correction. All of the DEER data shown in the figures
are with the background removed subsequent to the analysis.
The calculated average distances and distance distributions
were similar to those obtained using the conventional Tik-
honov regularization method (21).
Molecular Modeling—The structure refinement process was

carried out by first generating a large number of docked cdb3-
AnkD34 complexes. The experimental results presented in
Figs. 2 and 3, below, indicate that neither the cdb3 homo-dimer
nor the AnkD34 fragment undergoes any major global confor-
mational changes upon complex formation. Therefore, the
RosettaDock program (22) was used to perform rigid docking
calculations with the x-ray crystal structures for cdb3 (Protein
Data Bank (PDB) code 1HYN) and AnkD34 (PDB code 1N11).
100,000 docked complexes were generated using unrestrained
rigid body docking to explore all plausible docking orientations
as shown in Fig. 9, upper panel, below. Next, a filtering protocol
was devised to screen the 100,000 candidate complexes to elim-
inate all the models that were clearly inconsistent with the
experimental DEER distance measurements. In the first-pass
filter, the C�-C� distance was measured for a pair of spin-la-
beled sites in cdb3 and AnkD34 from each docking model. To
take the extrinsic distance between the nitroxide electron and
the C� carbon (�7 Å) into account, C�-C� distance 	 14 Å
cutoff was applied to select acceptable models in the first-pass
filter process. Because cdb3 is a homo-dimer, spin label posi-
tions in each subunit were considered in the filtering process.
Using this cutoff criterion and 20 experimental DEER distance
measurements, it was determined that 811 docked poses from
the RosettaDock calculations were compatible with the dis-
tance constraints as shown in Fig. 9, middle panel. All other
docking poses had at least one (and generally many) spin label
pair distance violation that exceeded the C�-C� 	 14 Å toler-
ance value.
A second-stage filter was then implemented to select candi-

date structures that were consistent with experimental data for
spin label side chain accessibility. Using MSMS software (23),
per-residue solvent-accessible surface areas were computed for
five sites that caused large reductions in complex formation

4 E. J. Hustedt, manuscript in preparation.
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upon mutation (cdb3, 72, 129, 158; AnkD34, 596 and 629) and
nine sites that exhibited large changes in NiEDDA accessibility
(i.e. changes in � values of ��8; see Tables 1 and 2) upon
formation of the complex (cdb3, 137, 148, 160, 166, 254;
AnkD34, 598, 631, 662, 664). Using canonical surface areas for
fully exposed side chains in GXG tripeptides (24), the raw sur-
face area computed for each of the wild-type residues was nor-
malized to a value between 0 and 1, with 1 representing a fully
exposed residue and 0 representing a fully buried residue. The
normalized values were summed together to form an accessi-
bility score, where a small score corresponds to more buried
surface and therefore better agreement with the experiment.
The top 100 structures were sorted based upon increasing
accessibility score, and every 10 structures were then binned
cumulatively from the top.
Anoverall backbone r.m.s.d. was then computed for all struc-

tures in each of the bins, and the r.m.s.d. values versus bin size
were plotted. The larger bins, with 40 or more structures, con-
tained structureswith accessibility scores that were aminimum
of 28% larger than the best overall score of 1.96. In addition, the
slope of the r.m.s.d. versus bin size plot is much steeper begin-
ning with a bin size of 40, indicating that besides significantly
worse accessibility scores, the larger bins contain structures
that look significantly different from the best-scoring structure
(r.m.s.d. from the mean of as high as 6.1 Å in the 40-structure
bin, moving higher from there). Given these statistics, the top
30 structures were chosen as the final solution set, which spans
a range of accessibility scores from 1.96–2.48 and has an aver-
age pairwise r.m.s.d. value of 2.68 Å over all backbone atoms.
It should be noted that it is also possible to more precisely

model the orientation of the R1 side chain, thereby lowering
the 	 14 Å tolerance value used in this work (e.g. (15, 25–29).
However, having extensive interface mapping data from sol-
vent accessibility measurements permitted the determination
of structural models without the need for these approaches.

RESULTS

cdb3 and AnkD34 Form a Complex without Any Major
Changes in Their Global Structures—The first questions that
were addressed were whether the global structures of either
cdb3 or AnkD34 were significantly altered upon complex for-
mation. This question was addressed for cdb3 by spin labeling
selected sites on the cdb3 dimer and then observing dipolar
couplings by EPR for sites at the dimer interface or by DEER at
selected sites remote from the dimer interface in the absence
and then the presence of bound wt-AnkD34. As shown by the
representative data in Fig. 2 and by additional data in supple-
mental Fig. S1, there were no significant changes in inter-probe
distances as a result of complex formation, indicating that the
global structure of the cdb3 dimer was not altered even under
conditions where a wt-AnkD34 was bound to the peripheral
domain of eachmonomer. The analyses of theDEERdata in Fig.
2 are shown in tabular form in supplemental Table S1. Likewise,
when two cysteine residues were introduced into Cys-less
AnkD34 at sites in the groove region or along the convex back-
bone and DEER measurements were made on the spin-labeled
proteins, there were no significant changes in inter-probe dis-
tances following complex formation with wt-cdb3 as shown in

Fig. 3 and as given in tabular form in supplemental Table S2.
Collectively, these data indicated thatmodeling of the structure
of the complex formed between cdb3 and AnkD34 to a first
approximation would only require rigid body docking of the
two proteins using binding interface information obtained
fromEPRexperiments (i.e.what surfaces of the twoproteins are
in close contact) and inter-protein distance constraints
obtained from EPR or DEER experiments (i.e. what is the rela-
tive spatial positioning of the two proteins). This basic
approach has been described and successfully utilized in previ-
ous work on other protein complexes by other investigators
(e.g. Refs. 13–15).
Determination of the Binding Interface on cdb3—Studies by a

number of investigators (e.g. Refs. 30–33) as well as our own
previous studies (34) have indicated that residues on the
peripheral domains of the cdb3 dimer are involved in binding to
ankyrin-R. The binding interface is further defined by the EPR
data in Fig. 4 where specific sites on the �2-helix, on the �3-he-

FIGURE 2. Inter-subunit distances between spin-labeled side chains of
cdb3 before and after complex formation with AnkD34 measured by
DEER. Three pairs of surface sites consisting of identical positions from each
monomer were selected as depicted by the spheres (84 positions, red; 302
positions, orange; 340 positions, yellow) in the upper panel. The DEER data
(black dots) and fits to the data (blue (before complex formation) and red (after
complex formation)) are shown as solid lines in the stacked plots in the lower
panel. The resultant average distances and distance distributions from fitting
the data (Å) are shown in the insets.
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lix, and on the �6/�7-hairpin loop of cdb3 show significant
changes in spin label side chain mobility when wt-AnkD34 is
bound. In addition, spin-labeled side chains at residues 160 and
254 also showed changes in mobility upon complex formation.
When spin-labeled side chains were introduced at residues 70,
72, 129, 155, and 158, binding affinity to wt-AnkD34 was
reduced by greater than 60% (see binding data in supplemental
Fig. S2), suggesting that these residues are in close contact with
residues in AnkD34 in the complex and that a spin-labeled side
chain at these positions disrupts critical contacts between the
two proteins. These changes in side chain mobility are mapped
onto the crystal structure of cdb3 in Fig. 5, upper panel. Spin-
labeled side chains at many other positions on the peripheral
domains and at the dimer interface showed no changes in side
chain mobility upon complex formation (Ref. 34 and data not
shown), consistent with the observation of no changes in the
global structure of cdb3when it is bound toAnkD34. The bind-
ing interface was further defined by measuring the solvent
accessibility of the same sites using NiEDDA as the paramag-
netic broadening agent. As shown in Fig. 5, lower panel, and in
tabular form in Table 1, solvent accessibility mirrors the

changes in spin-labeled side chain mobility, providing further
evidence for the surface on cdb3 that is involved in direct inter-
action with AnkD34.
Determination of the Binding Interface on AnkD34—Early

work byMichaely and Bennett (6) showed that binding of cdb3
to ankyrin repeats 13–24 was salt-independent, unlike the
binding to ankyrin repeats 7–12, which was salt-dependent.
This important observation provided evidence that the binding
of cdb3 to AnkD34 was likely to be dominated by hydrophobic
interactions. In agreement with this hypothesis, placing spin-
labeled side chains in the groove of ankyrin repeats in AnkD34,
which contain a number of charged and polar residues, showed
no changes in mobility upon complex formation (data not
shown). However, as shown in Fig. 6, when spin-labeled side
chains were incorporated into the top linker surface of ankyrin
repeats 18, 19, and 20 in AnkD34, there were significant
changes in mobility when a complex was formed with wt-cdb3.
Introduction of spin-labeled side chains at equivalent struc-
tural positions in repeats 17 and 21 showed no changes in
mobility upon complex formation (data not shown). Incor-
poration of a spin-labeled side chain at residue 596 in
ankyrin repeat 18 and at position 629 in ankyrin repeat 19
(Fig. 7, blue residues) inhibited binding affinity of wt-cdb3 by
greater than 80% (see supplemental Fig. S3), suggesting that
these residues are critical for binding of the two proteins.
The side chain mobility data are mapped onto the x-ray crys-
tal structure of AnkD34 in Fig. 7, upper panel. The binding
interface was further defined by measuring the solvent
accessibility of the same sites using NiEDDA as the paramag-

FIGURE 3. Intra-protein distances in AnkD34 measured by DEER. The res-
idue pairs are defined by the structure in the upper panel, and representative
DEER data before and after complex formation with cdb3 are shown in the
lower panel. The DEER data (black dots) and fits to the data before complex
formation (blue) and after complex formation (red)red) are shown as solid lines
in the stacked plots in the lower panel. The resultant average distances and
distance distributions from fitting the data (Å) are shown in the insets.

FIGURE 4. Representative EPR spectra from spin-labeled side chains
incorporated into the �2 helix (126, 127, and 130), the �3 helix (152), and
the �6/7 hairpin loop (179, 180, and 183) in the peripheral domain of
cdb3. The spectra in solid lines were recorded in the absence of wt-AnkD34.
The superimposed spectra in dashed lines were recorded after complex for-
mation with wt-AnkD34. Also shown are the data from sites 160 and 254,
which lie outside these three structured domains but which showed signifi-
cant changes upon binding of wt-AnkD34. There were no changes in EPR line
shapes upon complex formation at sites 133, 134, 137, 140, and 141 in the �1
helix, at sites 148 and 151 in the �2 helix, and at site 181 in the �6/7 hairpin
loop (data not shown). 25 G, 25 Gauss.
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netic broadening agent. Consistent with the mobility mea-
surements, the residues that showmost of the major changes
in NiEDDA accessibility (Table 2; residues 590, 598, 623,
631, 662, 664) are clustered on the top linker surface together
with residues 596 and 629. Note that the residues that reside
on the same linkers, but whose side chains are facing the
groove in the crystal structure (Table 2; residues 599, 603,
and 636), showed no change in solvent accessibility. Overall,
as shown in Fig. 7, lower panel, solvent accessibility again
mirrors the changes in spin-labeled side chain mobility, pro-
viding further evidence for the surface on AnkD34 that is
involved in direct interaction with cdb3.
Inter-protein Distance Constraints from DEER Measure-

ments—Having determined the surfaces on cdb3 and on
AnkD34 that were at the binding interface, it was possible to

rationally choose residues on each protein for introduction of
single Cys mutations, spin labeling, and making DEER mea-
surements of inter-protein distances. The inter-protein dis-
tance data make it possible to spatially orient the two proteins
relative to each other (13–15). Fig. 8 shows the 20 inter-protein
distances that were chosen along with representative DEER
data and analysis from three of the spin label pairs. The results
of the analyses of all of the DEER data from the 20 pairs are
listed inTable 3, and the experimental spectra from the remain-
ing 17 pairs of sites are shown in supplemental Fig. S4. Most of
the DEER data from these 20 pairs of sites (13 out of 20) gave
rise to a single average distance and distance distribution with-
out interference from the intra-dimer spin label on cdb3. How-
ever, analysis of data involving sites 70, 141, 148, 179, and 302
on cdb3 gave rise to two distance components, one from the
intra-dimer dipolar coupling of spin labels on cdb3 and one
from the inter-protein dipolar interaction of spin labels on cdb3
andAnkD34. The intra-dimer distanceswere easily analyzed by
extending the modulation time window in the DEER experi-
ment and extraction of both inter-probe distances by a bimodal
distance distribution as shown by the data presented in supple-
mental Fig. S4.
Molecular Models of the Complex Based on Long Range Dis-

tance Constraints—The unconstrained rigid docking calcula-
tions yielded 100,000 candidate complexes that span the full
range of possible cdb3-ankyrin orientations, as shown in Fig. 9,
upper panel. This result provides compelling evidence that no
possible docking orientations were excluded in our modeling
process. The first-pass distance filter reduced the solution set to
811 candidate structures, shown in Fig. 9,middle panel. When
these candidate structures are superimposed on ankyrin, cdb3
dimers are localized in a radial band that extends from one side
of the ankyrin molecule, across the convex surface, and to the
opposite side. This filter yielded a 99% reduction in the solution
set size, but as the figure shows, there is still considerable vari-
ability in this data set. The accessibility filter results exhibit a
sharp increase in the model r.m.s.d. versus accessibility score
when more than 30 best scoring candidates are considered. As
seen in Fig. 9, lower panel, the set of top 30 candidates forms a
tightly clustered group on the side of the top loop surface of
ankyrin, which agrees well with the empirically defined binding
interface of AnkD34 from the mobility and accessibility mea-
surements of spin-labeled side chains. This collection of struc-
tures, which is shown in an expanded view in Fig. 10, upper
panel, predicts an average buried surface area of 1103 Å2 and
represents the best current solution set. This set of structures
will constitute the starting point for more detailed structural
refinement in future work where both the spin-labeled side
chains will be explicitly modeled for interpretation of inter-
probe distances and the local structures of cdb3 and AnkD34 at
the binding interface will be allowed to relax.
Model Validation—The model of the complex in Fig. 10,

lower panel, predicts residues that are in close proximity at or
near the binding interface. As a check on the validity of the
model, two types of experiments were carried out. First, single
Cys mutants of cdb3 at residues 160 and 254 were prepared.
These residues are at the interface but do not inhibit complex
formation, as shown by the binding data in supplemental Fig. S2.

FIGURE 5. Changes in spin label side chain mobility (upper panel) and
solvent accessibility (lower panel) as assessed by collision frequency
with NiEDDA mapped onto the crystal structure of cdb3. The red residues
in the upper panel showed a decrease in side chain mobility upon complex
formation, the black residues showed no change, and the blue residues
showed significantly impaired complex formation when the wt residue was
changed to cysteine and spin-labeled with MTSSL. The same color scheme is
used for the NiEDDA accessibility data in the lower panel for the black and blue
residues, whereas the residues that showed changes in accessibility were dis-
played with three different colors based on their �� (�complex-�cdb3) values (red,
�� � �15.0; hot pink, �15.0 � �� � �5.0; pale pink, �5.0 � �� � �2.0).
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Single Cys mutants of AnkD34 were made at residues 616, 619,
and 623 on the back convex surface of repeat 19, at residue 613
on the short linker, and at residues 598 and 631 on the top
convex surface. Residues 598 and 631, which are predicted by
the model in Fig. 10, lower panel, to be at the binding interface,
do not interfere with complex formation, as shown in supple-
mental Fig. S3. The model predicts that both residues 160 and
254 on cdb3 and residues 598 and 631 onAnkD34 are within 10
Å in the complex. It further predicts that residues 160 and 254
on cdb3 are greater than 20 Å from residues 613, 616, 619, and
623 on AnkD34. To test these predictions, the short cross-link-
ing reagent BMOE was used to see which pairs of cysteines
could be cross-linked and which could not. As shown by the
SDS-PAGE gel in Fig. 11, residues 160 and 254 on cdb3 were

efficiently cross-linked to residues 598 and 631 on AnkD34.
However, no cross-links to residues 613, 616, 619, or 623 on
AnkD34were formed. The latter results not only agree with the
model for the complex in Fig. 10, lower panel, but they also
support the binding interface data for cdb3 andAnkD34 in Figs.
5 and 7.
The second set of experiments involved measuring inter-

protein dipolar coupling between spin label pairs, one on cdb3
and the other on AnkD34. This was accomplished by placing a
spin-labeled side chain, one at a time, on cdb3 at residues 133,
151, and 181. All of these residues are near the binding interface
based upon the model presented in Fig. 10, lower panel; intro-
duction of a cysteine and spin labeling do not alter binding

TABLE 1
NiEDDA accessibility of surface sites on the peripheral domain of cdb3
Standard deviations from triplicate measurements are shown in parentheses. � values are dimensionless quantities as defined under “Experimental Procedures.” Residues
126 through 141 are in the �2 helix. Residues 148–155 are in the �3 helix. Residues 179–183 are in the �6-�7 hairpin loop. Residues 70, 160, 166, 216, 254, 293 and 302 are
distributed over the peripheral domain of cdb3.

FIGURE 6. Representative EPR spectra from spin-labeled side chains
incorporated into the top loop regions of ankyrin repeat 18 (590 and
598), ankyrin repeat 19 (602, 623, and 631), and ankyrin repeat 20 (635
and 662) in AnkD34. The spectra in gray solid lines were recorded in the
absence of wt-cdb3. The superimposed spectra in black dashed lines were
recorded after complex formation with wt-cdb3. 25G, 25 Gauss.

FIGURE 7. Changes in spin label side chain mobility (upper panel) and
solvent accessibility as assessed by collision frequency with NiEDDA
(lower panel) mapped onto the x-ray crystal structure of AnkD34. The red
residues in the top panel showed a decrease in side chain mobility upon com-
plex formation, the black residues showed no change, and the blue residues
showed significantly impaired complex formation when the wt residue was
changed to cysteine and spin-labeled with MTSSL. The same color scheme is
used for the NiEDDA accessibility data in the lower panel for the black and blue
residues, whereas the residues that showed changes in accessibility were dis-
played with three different colors based on their �� (�complex-�AnkD34) val-
ues (red, �� � �14.0; hot pink, �14.0 � �� � �5.0; pale pink, �5.0 � �� �
�2.0).
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affinity (supplemental Fig. S2), and none show significant
changes in EPR line shape upon complex formation. Similarly,
spin-labeled side chains were incorporated in AnkD34 at resi-
due 590 on the 18th ankyrin repeat, at residue 623 on the 19th

ankyrin repeat, and at residue 656 on the 20th ankyrin repeat.
Each of these residues are at structurally equivalent positions at
the base of the outer helix of the respective ankyrin repeat
motifs. The structural model for the complex presented in Fig.
10, lower panel, predicts that a spin-labeled side chain at resi-
due 133 in cdb3 should be in close proximity (�10 Å) to a
spin-labeled side chain at residue 590 in AnkD34, that a spin-
labeled side chain at residue 151 in cdb3 should be in close
proximity to a spin-labeled side chain at residue 623 inAnkD34,
and that a spin-labeled side chain at residue 181 in cdb3 should
be in close proximity to residue 656 in AnkD34. Fig. 12 shows
that this is the case as strong exchange and dipolar coupling are
observed for each of these three inter-protein pairs. Themodels
are also compatible with the additional data in supplemental
Fig. S5, which show weaker dipolar coupling between a spin-
labeled side chain at residue 133 on cdb3 and one at residue 623
on AnkD34 but no significant dipolar coupling to one on resi-
due 656 onAnkD34. Similarly, themodels predict weaker dipo-
lar coupling between a spin-labeled side chain at residue 151 on
cdb3 and on residues 590 and 656 onAnkD34. Finally, themod-
els predict very weak dipolar coupling between a spin-labeled
side chain at residue 181 in cdb3 and at residues 623 and 590 on
AnkD34. Collectively, the cross-linking data and the dipolar
coupling data verify that the models of the complex are able to

TABLE 2
NiEDDA accessibility of surface sites on AnkD34
� values are dimensionless quantities as defined under “Experimental Procedures”.

FIGURE 8. The 20 inter-protein distances between selected sites on cdb3
and on AnkD34 that were used to refine the structural model for the
complex shown in Fig. 10. The distances measured by DEER are shown
superimposed on a selected model for the complex in the upper panel. Rep-
resentative DEER data (dots) and the fits to these data (solid red lines) from
three of the label pairs are shown in the lower panel. In the lower panel, the
insets show the average distances and distance distributions that were recov-
ered from fitting the experimental data as described under “Experimental
Procedures.” The data and analyses from the remaining 17 pairs are shown in
supplemental Fig. S4, and the data from all pairs are summarized in Table 3.

TABLE 3
Inter-protein DEER distances from 20 pairs of surface sites on cdb3 and
AnkD34
The numbers in parentheses are the widths of the distance distributions recovered
from fitting the experimental DEER data.

Number
Sample Inter-protein

DEER distance
Inter-subunit

distance in cdb3acdb3 AnkD34

Å
1 70 707 30.6 (1.7) 76.2
2 70 722 27.1 (2.0) 76.2
3 127 509 29.9 (0.7) 70.0
4 130 491 37.4 (2.1) 67.9
5 130 509 34.5 (1.3) 67.9
6 130 524 24.7 (4.9) 67.9
7 130 608 28.6 (0.7) 67.9
8 130 656 28.2 (3.7) 67.9
9 141 524 33.9 (5.1) 46.5
10 148 608 38.1 (3.1) 53.0
11 166 608 20.2 (1.3) 67.8
12 166 623 30.3 (4.2) 67.8
13 166 707 26.9 (3.5) 67.8
14 166 722 31.9 (4.2) 67.8
15 179 623 25.7 (3.9) 59.6
16 254 600 19.6 (2.3) 72.3
17 254 616 30.0 (2.2) 72.3
18 254 623 24.8 (2.8) 72.3
19 302 524 28.9 (4.3) 53.8
20 302 623 32.1 (2.8) 53.8

a C�-C� distance between two equivalent sites from each subunit obtained from
the crystal structure of a cdb3 homodimer.
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correctly predict these experimental observations, thereby add-
ing confidence that the essential features of the models are
correct.

DISCUSSION

The ankyrin family of adaptor proteins is able to recognize
and bind to the cytoplasmic domains of awide range of intrinsic
membrane proteins via their membrane binding domains
(reviewed in Ref. 2) and thereby form a link between the cyto-
solic surface of the membrane and the underlying spectrin
meshwork through binding of ankyrin to spectrin via its spec-
trin binding domain. Some of the ankyrin binding partners that

have been reported include the Na
/K
-ATPase (35), sodium
channel � subunits (36), the cardiac Na
/Ca2
 exchanger (37),
glycoprotein GP85 (38), nervous system cell adhesion mole-
cules including neurofascin, L1, neuronal cell adhesion mole-
cule, neuron-glia cell adhesion molecule, and neuroglian (39),
the InsP3 receptor (40), clathrin (41), and the ryanodine recep-
tor (42) in addition to the cytoplasmic domain of the anion
exchange protein in erythrocytes (43). Interestingly, no clear
patterns of which surfaces on ankyrin are involved in these
many binding interactions and what structural elements on
their target binding proteins serve for binding recognition have
emerged. In fact, extensive data in the literature indicate that
different surfaces of the ankyrin membrane binding domain
can interact with different proteins. To date, there have been
relatively few structures determined at, or near, atomic resolu-
tion for many of the known complexes. Thus, it is of consider-
able interest to understand what the structures of representa-
tive members of these classes of complexes are and what drives

FIGURE 9. Ensemble of structural models for the cdb3-AnkD34 complex
superimposed on the crystal structure of AnkD34. The top panel shows
500 representative poses from the 100,000 generated by RosettaDock using
no constraints to guide how the proteins could interact. The center panel
shows how filtering these 100,000 poses using the 20 inter-protein distance
constraints from DEER measurements reduced the number of poses to 811
and gave a strong indication of the surfaces of the two proteins that formed
the binding interface, the potential orientations of cdb3 relative to AnkD34,
and which ankyrin repeats were likely involved in binding. The bottom panel
shows the top 30 structures that were obtained by filtering the 811 poses in
the center panel with the solvent accessibility data as described under “Exper-
imental Procedures.”

FIGURE 10. Color representation for the complex formed between cdb3
and AnkD34. In the upper panel, the �-carbon trace of AnkD34 (orange) has
been held constant, and the 30 poses of the cdb3 dimer (green/blue) are
positioned relative to AnkD34. In the lower panel, the pose of cdb3 that is
closest to the mean of the 30 poses in the upper panel is shown docked with
AnkD34. The view in the lower panel is rotated �90° from that shown in the
upper panel to clearly see the positions of residues 160 and 254 on cdb3 and
residues 598 and 631 on AnkD34, shown as silver balls at the binding interface.
These residues showed high efficiency cross-linking with BMOE, as shown in
Fig. 11. Also shown as blue balls are residues 133, 151, and 181 on cdb3 and
residues 590, 623, and 656 on AnkD34. These residues showed exchange and
dipolar couplings upon complex formation, as shown in Fig. 12. The �6-�7
hairpin loop is shown in red. Ankyrin repeats 13–16 and 23–24 have been
cropped in the lower panel to allow expansion of repeats 18 –20 at the binding
interface.
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the high affinity binding interactions that are essential to nor-
mal cellular function and organization.
The association of cdb3with theAnkD34 region of themem-

brane binding domain of ankyrin-R has been examined in detail
in previous biochemical and mutagenesis studies on cdb3 and
onAnkD34. Studies on cdb3 have indicated that there are inter-
actions of residues 1–75 in theN-terminal domain and residues
118–141, 155–160, and 174–193 in the peripheral domain of
cdb3 with AnkD34 (31, 33, 44–47). The data in Figs. 4 and 5
and the binding data in supplemental Fig. S2 agree with these
previous conclusions as specific residues in each of these
regions after spin labeling have been observed to show changes
in side chain dynamics, to show changes in solvent accessibility,
and/or to result in diminished binding affinity when bound to
AnkD34. A previous study by Michaely and Bennett (6) indi-
cated that cdb3 binding to AnkD34 involves ankyrin repeats
both in the 13–18 range and in the 19–24 range. Specifically,
this study showed that cdb3 did not bind to ankyrin repeats
13–18 (the AnkD3 domain) nor repeats 19–24 alone (the

AnkD4 domain), both of which formed stable folded structural
domains, suggesting that the binding interface involved repeats
that span the junction between the D3 and D4 domains. The
data in Figs. 6 and 7 indicate that ankyrin repeats 18–20, which
span this junction, serve as primary sites of contact between
cdb3 and AnkD34. The models for the complex presented in
Fig. 10 do not indicate any direct interactions between the
peripheral domain of cdb3 and ankyrin repeats 22 and 23,
although previous studies have shown that these repeats are
important for high affinity binding (6, 44). In previous work, it
has been shown that the N-terminal domain of cdb3, which is
composed of residues 1–54, is dynamically disordered in solu-
tion with no observable interactions between this domain and
the central folded domain of cdb3 (17). However, when spin
label side chains are placed at sequential positions along the
central portion of the N-terminal domain, a restricted motion
signal is observed when cdb3 is bound to AnkD34 (data not
shown). Given that previous studies have indicated a role for
the N-terminal domain in the cdb3-AnkD34 interaction (31,
33, 45–47), these results suggest that the N-terminal domain
may be involved in interactions with ankyrin repeats 22 and 23.
This working hypothesis will be tested in subsequent studies.
Studies byChang andLow (30) indicated that the�6-�7 hair-

pin loop on cdb3 was essential for binding to AnkD34. Specifi-
cally, replacing the entire loop composed of residues 175–185
with a diglycine bridge greatly reduced binding affinity to levels
essentially the same as reported for the kidney isoform of cdb3.
Replacement of the loopwith the diglycine bridge did not result
in any significant global disruptions of the structure of cdb3, as
judged by pH-induced conformational changes, by binding to
protein 4.1, and by binding of the N terminus to glycolytic
enzymes. The role of this loop was later tested in an in vivo
mouse model (32), where again results indicated a role for the
�6-�7 hairpin loop in ankyrin binding.
Once the crystal structures for cdb3 (12) and for AnkD34 (5)

became available, it was possible to construct docked structures
for the complex using available rigid body docking software
packages. Michaely and co-workers (5) used the FT-DOCK
software (48) to construct a model of the complex where the
biochemical andmutagenesis data fromprevious studies served
as a guide for orienting the two proteins relative to each other.
The model proposed showed extensive interactions of the
peripheral domain of cdb3 including �-helices 2 and 3 with the
ankyrin groove and bottom surfaces of ankyrin repeats 18–20
on the concave surface of AnkD34 and additional interactions
between the �6-�7 hairpin loop with ankyrin repeats 22 and 23
(5). The tips of the linker surface on the membrane binding
domain of ankyrin-R, which contains many charged residues,
has recently been shown by Mohler and co-workers (49) to be
involved in binding of theNa
/Ca2 exchanger to themembrane
binding domain of ankyrin-B in cardiomyocytes.
Site-directed spin labeling, in conjunction with conventional

continuous wave EPR and modern methods of pulsed dipolar
EPR including DEER, has emerged as a powerful approach for
determining the structures of complexes of proteins (e.g. Refs.
13–15). This methodology is applicable to determination of
structural features of complexes of proteins in solution without
the necessity of generating ordered single crystal samples of the

FIGURE 11. Chemical cross-linking of cysteine residues at single sites on
cdb3 and at single sites on AnkD34. The models in Fig. 10 predict residues
that are at the protein-protein interface of the complex. These predictions
were tested using the short cross-linking reagent BMOE. The SDS-PAGE
results confirm that residues 160 and 254 on cbd3 are in close proximity to
residues 598 and 631 on AnkD34. However, residues 160 and 254 on cdb3 do
not form cross-links with residue 613 in the linker region of AnkD34 or with
residues 616, 619, or 623 on the back convex surface.

FIGURE 12. Exchange and dipolar coupling between spin-labeled sites on
cdb3 and on AnkD34 that are predicted from the models in Fig. 10 to be
at the binding interface. EPR spectra from the complexes (dashed lines) were
superimposed on the sum of single spectra (solid lines) after baseline correc-
tion and normalization of the spectra. 50 G, 50 Gauss.
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complex as required by x-ray crystallography and is not limited
by the size of the complex as NMR can be. Starting with each
crystal structure of the two proteins, it is possible to strategi-
cally incorporate spin-labeled side chains at selected positions
to define the interacting surfaces through changes in side chain
mobility and solvent accessibility upon complex formation, as
shown in Figs. 4–7. These data demonstrated that residues in
and around �-helices 2 and 3 in the peripheral domain of cdb3
showed substantial changes in mobility and solvent accessibil-
ity upon complex formation, in agreement with data in the lit-
erature described in the preceding paragraphs. Also, spin labels
at some positions in the �6-�7 hairpin loop showed spectral
changes in agreement with previous work by site-directed flu-
orescence labeling, which showed modest changes in solvent
accessibility when the complex with wt-AnkD34 was formed
(34). However, spin-labeled side chains incorporated into the
tips of the loop regions in ankyrin repeats 16–21 showed no
changes in side chain mobility or in solvent accessibility upon
complex formation with wt-cdb3 (data not shown). By placing
spin-labeled side chains on all four surfaces of AnkD34 in the
present work, it was shown that the top linker surface of
AnkD34 showed spectral changes, as shown in Figs. 4–7,
whereas the others did not. The models presented in Fig. 10
agree with the previous modeling work with regard to which
ankyrin repeats in AnkD34 interact with the peripheral domain
of cdb3. However, these models do not agree with the interact-
ing surface being located in the ankyrin groove and bottom
surfaces of AnkD34. Thus, the present work provides direct
new experimental evidence for a previously uncharacterized
surface of AnkD34 being involved in binding to cdb3. The
model in Fig. 10, lower panel, does not indicate a direct inter-
action between the �6-�7 hairpin loop of cdb3 and AnkD34,
although changes in spectroscopic observables suggest that this
loop senses the binding interaction. None of the other 29 poses
shown in Fig. 10, upper panel, indicate a direct interaction
either. It is possible that this loop is necessary for structural
rearrangements of residues on cdb3 that are at the protein-
protein interface. It should be emphasized that although the
data in Figs. 2 and 3 as well as those in supplemental Fig. S1
demonstrate that there are no significant global structural
changes in either cdb3 or AnkD34 upon complex formation, it
is likely that there are side chain rearrangements and possibly
small changes in positioning of secondary structural elements
of both proteins at the binding interface. Such localized
changes could lead to additional interactions that are not
revealed using rigid body docking as a first approximation for
determining themajor features of the structure of the complex.
Thus, it will require additional refinement of the rigid body
docked structures using molecular dynamics approaches to
draw final conclusions about the exact role of the�6-�7 hairpin
loop in the binding interaction. These additional refinements
are currently underway.
Two cdb3 dimers may bind to ankyrin-R, one to AnkD2 and

the other to AnkD34, either separately (6) or as a tetramer (5).
The models in Fig. 10 showing how one cdb3 dimer binds to
AnkD34 likely preclude the possibility that the second cdb3
dimer could simultaneously bind to AnkD2 and the first cdb3
dimer in the orientation consistent with the previously pro-

posed tetramer structure (12) unless: 1) there is a significant
structural rearrangement of themembrane binding domain as a
result of binding two dimers of cdb3 or 2) the major binding
interaction between cdb3 and the AnkD2 domain involves the
extended N terminus of cdb3. Further studies on the structure
of the complex formedbetween cdb3 and theAnkD2domain or
studies on binding two dimers to the full-length membrane
binding domain will be required to discriminate between these
two possibilities.
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